Aiming to relate leptonic CP violating phase δ to the cosmological CP asymmetry, we study the extension of MSSM by two quasi-degenerate (strictly degenerate at tree level) righthanded neutrinos and consider all possible two texture zero 3 × 2 Yukawa matrices plus one ∆L = 2 dimension five (d = 5) operator contributing to the light neutrino mass matrix. We classify all experimentally viable mass matrices, leading to several predictions, and analytically derive predictive relations. We also relate the CP violating δ phase to the CP phase of the thermal leptogenesis.
Introduction
Although it's great success, the standard model (SM) needs some extension. In order to accommodate atmospheric and solar [1] , [2] neutrino data, the neutrino masses and mixings should be generated via some reasonable extension. See-saw mechanism [3] [4] [5] [6] [7] [8] [9] realized by the introduction of the heavy right-handed neutrinos (RHN), is simplest one for neutrino mass generation. Additional an appealing feature of this extension is that it can also generate the needed amount of the baryon asymmetry via leptogenesis [10] (for reviews see: [11] [12] [13] ). Since the neutrino sector involves CP phases and parameters (e.g. Dirac Yukawa couplings and heavy Majorana neutrino masses) which are not measured so far, a priory it is impossible to make predictions unless some reduction of model parameters are achieved. For this purpose, the texture zero Yukawa and/or Majorana mass matrices have been investigated in the literature [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . This approach, besides some predictions, opens up a possibility of relating phase δ (appearing in neutrino oscillations) to the CP asymmetry of the thermal leptogenesis [14] [15] [16] , [32] [33] [34] [35] .
Since for a solution to the gauge hierarchy problem the supersymmetry appears to be a well motivated framework, we consider the MSSM augmented with two RHN states. The latter being quasi-degenerate in mass have potential to realize a resonant leptogenesis scenario [36] [37] [38] (and [39] [40] [41] [42] for recent discussions on resonant leptogenesis) which would not suffer from the gravitino problem [43] [44] [45] [46] . Noting also that the low scale SUSY has the dark matter candidate, the framework we are considering, is well motivated from the several viewpoints.
With the two RHN's we investigate texture zero 3 × 2 Dirac type Yukawa couplings, which lead to the neutrino mass matrices with zero entries. On top of this, we augmented the Lagrangian couplings with a single ∆L = 2 lepton number violating d = 5 operator, which allows to keep some predictions and, at the same time, makes some mass matrices experimentally acceptable. It turns out that only three Yukawa textures (out of nine) possess cosmological CP phase which we relate to neutrino CP δ phase. All experimentally viable neutrino mass matrices lead to interesting predictions, which we investigate in detail.
The paper is organized as follows. In section 2, we describe our framework and list all possible two texture zero 3 × 2 Yukawa matrices. In section 3, resorting to the d = 5 operator and 3 × 2 Yukawa matrices we construct neutrino mass matrices. Simple example of possible generation of d = 5 operators, we are exploiting, is also outlined. In section 4, parametrization of the lepton mixing matrix is given and experimentally acceptable mass matrices are recognized. We investigate these neutrino mass matrices and derive predictive relations, some of which are exact and very applicable to analysis. In section 5, cosmological CP phase is related to the δ phase responsible for the CP violation in neutrino oscillations. In Sect. 6 we conclude.
2 Two texture zero 3 × 2 Yukawa matrices: 2T 0 Y 32 's Let us consider the lepton sector of MSSM augmented with two right-handed neutrinos N 1 and N 2 . The relevant Yukawa superpotential couplings are given by: 
As far as the RHN mass matrix M N is concerned, we will assume that it has the form:
This form of M N is crucial for our studies, since (2.4) at a tree level leads to the mass degeneracy of the RHN's, it has interesting implications for resonant leptogenesis [32] , [33] and also, as we will see below, for building predictive neutrino scenarios. In a spirit of [33] , here we attempt to classify specific texture zero scenarios with degenerate RHN's which lead to predictions consistent with experiments. The matrix Y ν contains two columns. Since due to the form of M N there is an exchange invariance N 1 → N 2 , N 2 → N 1 , it does not matter in which column of Y ν we set elements to zero. Thus, starting with the Yukawa couplings, we consider the following nine different 3 × 2 Yukawa matrices with two zero entries:
where "×"s stand for non-zero entries. Next, we factor out phases from these textures, in such a way as to make maximal number of entries be real. As it turns out only T 4 , T 7 and T 9 will have unfactorable phases. The latter should be relevant to the lepton asymmetry.
TEXTURE T 1 Starting with T 1 Yukawa matrix, we parameterize it and write in a form of factored out phases:
where a i , b 3 and all phases are real. Below, in a similar way, we write down the remaining Yukawa textures given in Eq.(2.5).
with 
14)
with
The phases x, y and z can be eliminated by proper redefinition of the states l and e c . As far as the phases ω and ρ are concerned, because of the form of the M N matrix (2.4), also they will turn out to be non-physical. This is the one main difference of our construction from the scenarios considered earlier [34] . As we see, in textures T 4 , T 7 and T 9 there remains one unremovable phase φ (i.e. in the second matrices of the r.h.s of Eqs. (2.12) (2.18) and (2.22) respectively). This physical phase φ is relevant to the leptogenesis [33] and also, as we will see below, it will be related to phase δ, determined from the neutrino sector.
3 Neutrino mass matrices derived from 2T 0 Y 32 's and one d = 5 operator
Integrating the RHN's, from the superpotential couplings of Eq. (2.1), using the see-saw formula, we get the following contribution to the light neutrino mass matrix:
For Y ν in (3.1) the textures T i listed in the previous section should be used in turn. All obtained matrices M ss ν , if identified with light neutrino mass matrices, will give experimentally unacceptable results. The reason is the number of texture zeros which we have in T i and M N matrices. In order to overcome this difficulty we include the following d = 5 operator:
whered 5 , x 5 and M * are real parameters. For each case, we will include a single term of the type of Eq. (3.2). The latter, together with (3.1) will contribute to the neutrino mass matrix. This will allow to have viable models and, at the same time because of the minimal number of the additions, we will still have predictive scenarios. The operators (3.2) can be obtained by another sector in such a way as to not affect the forms of T i and M N matrices. We comment about this in Sect. 3.1. Here, we just consider operators (3.2) without specifying their origin and investigate their implications.
Recall that, in the previous section, we have written the Yukawa textures in the form:
where P 1 , P 2 are diagonal phase matrices and Y R ν is either a real matrix or contains only one phase (for T 4 , T 7 and T 9 ). Making the field phase redefinitions:
with:
the superpotential coupling will become:
Now, for simplification of the notations, we will get rid of the primes (i.e. perform l ′ → l, e c′ → e c ,...) and in Eq. From textures T 1,2,3 we obtain:
It is easy to verify that adding one d = 5 operator mass term to any entry of these mass matrices will not make them experimentally acceptable. Thus, discarding them we move to the remaining textures.
From texture T 4 :
Adding the d = 5 operators to zero entries of this matrix, we will get three different neutrino mass matrices. Therefore, addition of (3.2) type term will be performed in the (1,1), (1,2) and (1,3) entries respectively. Since the phase x in Eqs. (2.12), (2.13) is undetermined, we can shift the phase of state l 1 in such a way as to match the phase of the (3.2) operator with the phase ofm. Thus, this addition will not introduce additional phases inside the neutrino mass matrices. They will have forms:
where d 5 is a real parameter:
By similar way, we will get the other neutrino mass matrices using the remaining Yukawa textures. Also, one can make sure that for those remaining cases there are undetermined phases [see Eqs: (2.14)-(2.23)] and their proper shift can match the phase of the term (3.2) withm. Therefore, below, without loss of any generality we can take the parameter d 5 (in the neutrino mass matrices) to be real.
From texture T 5 :
(3.14)
From texture T 6 :
From texture T 8 :
From texture T 9 :
We have shown that only T 4 , T 7 and T 9 2T 0 Y 32 's give rise to complex mass matrices and that complexity, i.e. phase δ in the lepton mixing matrix, arises through (3.1) -from complex 2T 0 Y 32 's -and not from an x 5 phase.
Possible origin of d = 5 operators
The d = 5 operator coupling [see Eq. (3.
2)] in our case has been directly introduced in the neutrino mass matrices. Here we give one example of possible generation of d = 5 operators we are exploiting within our setup. Besides being of a quantum gravity origin, such d = 5 couplings can be generated from a different sector via renormalizable interactions. For instance, introducing the pair of MSSM singlet states N , N and the superpotential couplings 27) it is easy to verify that integration of the heavy N , N multiplets leads to the operator in Eq. (3.2) withd
Important ingredient here is to maintain forms of the resulting mass matrices and do not mix the states N , N with RHN's N 1,2 . This can be achieved by some (possible flavor) symmetries (which we do not pursue here). Perhaps a safer way to generate those ∆L = 2 effective couplings would be to proceed in a spirit of type II [47] [48] [49] , or type III [50] , [51] see-saw mechanisms, or exploit alternative possibilities [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . through the introduction of appropriate extra states. Details of such scenarios should be pursued elsewhere.
Analyzing neutrino mass matrices
Since we are working in a basis of a diagonal charged lepton mass matrix, lepton mixing matrix U entirely comes from the neutrino sector. Therefore, the following equality holds:
where where m i denote neutrino masses. U given in Eq. (4.3) is the standard parametrization used in the literature (see for instance [1] , [63] ). The relation (4.1) turns out to be convenient and useful for neutrino mass matrix analysis. Numerical values of oscillation parameters both, for normal (NH) and inverted (IH) hierarchies can be found in [2] . Thus, for these mass orderings we will use the following notations:
For normal hierarchy (NH): 
Types of neutrino mass matrices
Complex 3 × 3 Majorana type neutrino mass matrices with more than two independent zero entries are all excluded by current experiments. As it turns out, experimental data also exclude the possibility of real neutrino mass matrices with two independent zero entries. This was noticed earlier upon studies of the texture zero neutrino mass matrices [14] , [15] , [18] , [19] . Therefore, experimentally viable neutrino mass matrices, from our 3 × 2 Yukawa textures (listed in Sect. 2) should be produced by T 4 , ..., T 9 giving either neutrino mass matrices with two independent zero entries and the complex phase, or the one zero entry real neutrino mass matrices (via textures T 5 , T 6 , T 8 and one d=5 operator). Two zero entry complex neutrino mass matrices (we have obtained) have forms:
(4.6) These types of textures correspond to the following mass matrices, we have obtained:
As far as the one zero entry neutrino mass matrices are concerned we are getting the following types of real mass matrices:
Also here, we indicate the correspondence of P 5,6,7 textures to the appropriate neutrino mass matrices we have obtained: 
Predictions from P 1,2,3,4 type neutrino mass matrices
Here we analyze neutrino mass matrices with two independent zero entries. As we will see, for each case we will get several predictions. . (4.14)
Using sin 2 θ 23 = 0.49, the best fit values for the remaining mixing angles [2] and also the best fit values for the atmospheric and solar neutrino mass squared differences: From these equations we have:
and ∆m
where "+" and "-" signs correspond to normal and inverted hierarchies respectively. Eq. (4.32) is the relation for calculating the value of δ. At the same time (after knowing the δ), from Eq. (4.31) and (4.4)/(4.5) the neutrino masses can be calculated. After these, with relations in Eq. (4.30) the phases ρ 1 and ρ 2 can be found. Below, we use this procedure for the textures P 3 and P 4 .
TYPE P 3 For this case we have:
and using these in Eqs. (4.30)-(4.32), for NH and IH neutrino mass ordering, we get results which are summarized in Table 3 . Table 4 : Results from P 4 type texture. Masses are given in eVs.
Our results for the textures P 3 and P 4 are compatible with ones [18] [19] [20] [21] [22] [23] [24] [25] , obtained before. Now we turn to the analysis of the one texture zero neutrino mass matrices we have obtained in Section 3. They fall in the category of the P 5,6,7 type mass matrices given in Eq. (4.7). One texture zero neutrino mass matrices were investigated in [26] [27] [28] [29] [30] . In our construction, these mass matrices are real. This makes them more predictive.
TYPE P 5
In this case, our construction implies φ=0 and all elements of the lepton mixing matrix are real (i.e. δ=0 or π). Therefore, together with M
(1,1) ν =0 we have to match phases of both sides of Eq.(4.1). This turns out to be impossible for ρ 1 , ρ 2 not equal to either 0 or π , because we have only three free phases ω 1,2,3 . Thus, it turns out that only normal hierarchical scenario will be allowed with δ = 0 or π. With these, and from the condition M 33) where c 1 and c 2 stand for cos ρ 1 and cos ρ 2 respectively. This relation can be satisfied by special selection of the neutrino masses and ρ 1,2 = 0 or π. Since two mass square differences are fixed from the neutrino data, only one free mass is available, which we choose to be m 3 . The latter is tightly constrained via Eq. (4.33) . Thus, the model predicts three neutrino masses and the phases. For the best fit values of the oscillation parameters [2] for NH we obtain solutions: By the similar analysis, we can easily make sure that inverted hierarchy is not allowed within our construction for this P 5 type texture. In a pretty similar way, for remaining three neutrino mass matrices (3.12), (3.20) , (3.25) , for the phase φ we get: respectively. For these we have used results given in Tables: 2, 3 and 4 resp. Note, that φ phases in all four cases have been found for the reason that with a predictive neutrino sector there is no undetermined parameter. This makes the whole scenario really attractive to study the baryon asymmetry via the leptogenesis (for similar studies see: [14] , [15] , [32] [33] [34] [35] , [64] ). As mentioned, since the φ participates in the coupling of RHN states with l and h u (2.1) it will control CP asymmetric decays of the N states. Thus, it is interesting to look into the details of the leptogenesis within the scenarios we have considered here. This will be pursued in a subsequent work [65] .
Conclusions
Within the MSSM augmented with two quasi-degenerate right-handed neutrinos, we analyzed all possible two texture zero 3 × 2 Yukawa matrices, which together with minimal d = 5 operator couplings contribute to the light neutrino mass matrices. All viable neutrino mass matrices have been investigated and predictive relations were derived. Cosmological CP violation has been related to the leptonic CP violating δ phase. Further work will be focused on details of realizations of resonant leptogenesis. It is also desirable to get texture zeros with the help of flavor symmetries in a spirit of Refs. [18] , [32] , [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] . These and related issues will be addressed elsewhere.
